In mining industries, the backfill becomes more and more important due to the environment protection concern. But most backfill investigations focus on the underground model and backfill materials. In this research, the paste backfill process based on the process control is investigated and a new paste backfill process model is proposed according to the Torricelli's law and Bernoulli principle. In order to deal with the unknown nonlinear function of the proposed backfill model, a Petri net(PN) structure is presented and a new Petri net neural network(PNNN) is introduced to approximate the unknown nonlinear function. Then, a robust controller is designed for the backfill process with PNNN and the closed loop stability is guaranteed by Lyapunov function candidate. The effectiveness of the proposed model with new PNNN and the robust controller are verified by simulation results.
I. INTRODUCTION
The environmental protection is drawn a widely attention in the civil industry, especially in the industries with heavy pollutions, such as mining industry. In order to protect environment, the backfill of the mining becomes more and more crucial. There are several backfill methods developed in the mining backfill investigation. In recent years, paste backfill becomes the best backfill method since the minimal damage to the environment. But for all the investigation of the paste backfill, most researchers focus on the paste materials research and mining method research. Few of them investigate the model of the paste backfill process and the control theory is lack of literatures. In this paper, we focus on the paste backfill modeling and control process design.
The modeling of the paste backfill process has been investigated and has some results in recent years [1] - [3] . Liang [1] investigated the complex multiphysics processes in the cemented paste backfill mass of the underground. Based on the principle of the continuity of pore space and conservation of mass, energy, and momentum, a three-dimensional coupled multiphysics consolidation model for cement paste backfill was developed and then the prediction capability of the proposed model was verified by comparing the predicted The associate editor coordinating the review of this manuscript and approving it for publication was Shouguang Wang . results with experimental data. Hou [2] presented an analytical solution based on the load transfer of friction force in the interface. The shear behavior of the interface, the mechanical properties of the pillar, and the pillar dimensions are involved in the proposed model and the effectiveness of the proposed model was verified by experiment results. Most models focused on the underground and the paste material properties, but few people investigated the process of the backfill itself. In this paper, we focus on the backfill process model where the underground mechanical properties are not involved, if necessary, one can be used the existing results.
In order to investigate the proposed paste backfill process model from control theory to precise control the paste backfill process, the unknown nonlinear functions of the paste backfill process model will be estimated. In this paper, the neural network(NN) is adopted to approximate the unknown paste backfill process model. The NN has been researched for many years and a lot of NNs were proposed by different scholars [4] - [12] . Chen [5] utilized echo state neural network to estimate the unknown nonlinearities including the input saturation dynamics. Then, to design a high order sliding mode controller and proposed a prescribed performance function to guarantee the accuracy of the tracking output. Na [7] adopted a critic NN to approximate the time-dependant optimal cost value of the energy maximization problem of wave energy converters (WEC) subject, where the critic NN can solve the derived constrained nonlinear optimal control problem, and calculate the practical suboptimal causal control action. Then, the novel WEC control strategy leads to a simplified adaptive dynamic programming(ADP) framework without involving the widely used actor NN which was proposed to solve the associated Hamilton-Jacobi-Bellman equation of the Optimal Control for wave energy converters. Wang [11] employed NN to approximate the unknown dead-zone and unknown nonlinear functions for servo mechanisms. An adaptive funnel control was proposed to improve the transient and steady-state performance and a novel command filter technique was introduced by using the Levant differentiator to eliminate the ''explosion of complexity'' problem in the conventional back-stepping procedure. Although many kinds of NNs were investigated in different nonlinear systems, some specific systems also need to design new NN, such as the paste backfill process model.
Due to the paste backfill process is a complex process control problem, the Petri net(PN) will be introduced in this paper. The PN has been utilized for many process nonlinear systems [13] - [23] . Liu [13] presented a class of PN, process nets with channels (PNCs) which could model some types of concurrent systems from two aspects: process and interaction. A polynomial-time algorithm was proposed for the liveness analysis, and an effective method was also adopted to decide the reach-ability. Ding [19] proposed a formal model called intelligent Petri net (I-PN) to model a self-adaptive software system. The proposed model could model the runtime environment and the system behavior and had self-adaption ability which could made adaptive decisions at runtime with the help of fuzzy inference reasoning. Wai [21] proposed a robust Petri-fuzzy-neural-network(PFNN) control strategy to control a linear induction motor(LIM) for the periodic motion based on the model-free control design to retain the decoupled control characteristic of the feedback linearization control(FLC) system. The effectiveness of the proposed control scheme was verified by both numerical simulations and experimental results. In this paper, we refer to the PFNN structure and modify the fuzzy logic presenting a new Petri net neural network(PNNN) to estimate the paste backfill process system.
A new paste backfill process model is proposed based on the Torricelli's law and the Bernoulli principle from the process control point of view and the Petri net model is established for the backfill process. Then, a new PNNN is presented to approximate the unknown paste backfill process model and a robust control is designed to control the nonlinear paste backfill process precisely. The Lyapunov function is guaranteed the stability of the proposed controller of the closed loop. The contributions are listed as follows: I). Based on the Torricelli's law and Bernoulli principle, a new paste backfill model is proposed. II). The Petri net structure is established for the paste backfill process. III). A new Pteri net neural network(PNNN) is presented to estimate the unknown nonlinear backfill process model. 
II. THE PASTE BACKFILL FLUID MODEL
We consider essential elements for the paste backfill process in this section. The simplified paste backfill fluid structure is illustrated in Fig.1 . To investigate the the simplified paste backfill fluid structure, we divide the process into three sections which are [h 1 , h 2 , h 3 ] shown in Fig.1 
represent the heights of the stirred tank and delivery pipe. The sections [h 1 , h 2 ] can be described by Torricelli's law, and the section h 3 will applied by Bernoulli's principle.
For section h 1 , according to the Torricelli's law, we have
where m means the mass of the paste fluid of the backfill. Considering the the input mass m in 1 is m in 1 = K 1 u, where u is the input of the backfill process, and the output mass m out 1 is m out 1 = π r 2 √ 2gh 1 , the equation (1) is deduced aṡ
where ρ represents the density of the backfill paste.
For section h 2 , that is a cone. Then, the relationship between the height h 2 and the radius of the cone r c iṡ
where K c is the proportionality coefficient between the height h 2 and the radius of the cone r c .
Again according to the Torricelli's law, the model of the section h 2 can be deduced aṡ
Substitute equation (3) into equation (4), the model of section h 2 yieldṡ
Different from the section h 1 and h 2 , the section h 3 has a pressure pump, therefore, the model of h 3 is adopted by Bernoulli principle and Torricelli's law. It can be adopted as
where P means the intensity of the section h 3 's pressure, which can be described as
where T is the torque of the pressure pump. According to the equation (6) and (7), the model of section h 3 can be deduced aṡ
Then, synthesizing the section [h 1 , h 2 , h 3 ] and the equation (2), (5) and (8), the model of the paste backfill fluid is deduced as
To investigate the model (9), there exist unknown nonlinear smooth functions f 1 (x 1 ), f 2 (x 1 , x 2 ) and f 3 (x 1 , x 2 , x 3 ) which makes that the paste backfill fluid model (9) could be rewritten as     ẋ
where
Then, the equation (10) can be denoted aṡ
where The paste backfill fluid model is proposed under the Bernoulli principle and Torricelli's law as (11) . The purpose of the establishing this model is to design a controller precise controlling the backfill process. But considering the nonlinear smooth function f 1 (x 1 ), f 2 (x 1 , x 2 ) and f 3 (x 1 , x 2 , x 3 ) are unknown, we should adopt a new solution to deal with the unknown nonlinear model.
III. PETRI NEURAL NETWORK
The PN is a good bridge between continuous system and discrete system, and has powerful ability for modeling, control, optimization etc. The basic elements that make up PN are S place and T transition. It can be described by a quadruple S, T , A, ω , where S is a nonempty set of places, T represents a nonempty set of transitions such that S T = ∅, the set of arcs A suit A ⊂ (S × T ) (T × S), and ω is a set of weights assigned to each arc. The places and transitions all belong to nodes, where the nodes can be divided into continuous and discrete. A single circle or double circle [19] represents the discrete or continuous place, is a place which makes a nonnegative real number or integer. A hollow rectangle or double line hollow rectangle represents the discrete or continuous transition, is a transition that moves a integer or real number of marking.
Considering the process of the paste backfill, The PN model of paste backfill is depicted in Fig.2 . Places [S 11 , S 12 , · · · , S 1n ] represent the materials that make up the paste and transition T 1 is the mixture process. Place S 2 means the paste and the transition T 2 means the transition whose the paste enter the tank. The place S 3 through the pressuring transition T 3 is sent into the pipe place S 4 . The purpose of this research is design a controller to control the process of this model getting a desired output place S 4 .
In order to design the controller to precisely control the paster backfill model, the unknown nonlinear functions must be estimated. In this paper, according to the PN model and the idea of reference [21] , a Petri net neural network(PNNN) is proposed to approximate the unknown nonlinear function F(x) for the paste backfill process.
The main difference between the PNNN and the traditional NN is that the proposed PNNN has Petri layer and transition layer and the these layers depict the structure of the PN model of the paster backfill process. The input of the Petri layer are the input of the PNNN and the output of the each node in this Petri layer represents tokens with the same Gaussian function, which is denoted as
where me j i is the mean of the Gaussian function in the jth term of the ith input variable x i to the node of the Petri layer; σ j i means the standard deviation of the Gaussian function in the same position for me j i to the node of the Petri layer; i = 1, 2, · · · , n and j = 1, 2, · · · , N .
The transition layer's input is the output of the Petri layer, and the output of the transition layer connect to the traditional neural network middle layer. This layer will produce tokens makes use of competition learning laws as follows:
Then, we define
where the φ k represents the kth output of the rule layer, and k = 1, 2, · · · , N ; k ji is the weight between the transition layer and the rule layer.
Therefore, the PNNN is employed over a compact set as
and W * is the bounded weight matrix i.e. W * W M ; ε is a bounded approximation error, such that |ε| ε M ; where W M , ε M are all positive constants.
IV. CONTROL DESIGN
Considering the paste backfill process (11) and the PNNN (16) , that the PNNN can estimate the unknwon function F(x) in the equation (11) . Then, we can design the controller to precise control this paster backfill process. Firstly, We assume that exist a desired PNNN whose can completely approximate the backfill process such aṡ
The estimated paste backfill process with PNNN is defined asẋ
wherex,Ŵ ,L mean the estimation of the x, W * , L.
Define the error e as
In order to guarantee the PNNN precisely online estimation of the unknown nonlinear F(x), we define the update law of the weight of PNNN aṡ
where α is selected positive constant. The controller is designed as
where K u is designed as a big enough positive constant, ∈ R 3×1 which is satisfied withL = I , where I is unit matrix with appropriate dimension andL represents the error between L and the estimationL, i.e.L = L −L.
According to the controller (22) , the paster backfill process will be precise controlled. But the stability of the control system should be firstly guaranteed. Then, define a Lyapunov function candidate as
where the errorW = W * −Ŵ . Considering the equation (11), (18) and (19) , the derivative of V can be deduced aṡ
Based on the equation (20), the derivative of the error e yieldsė =ẋ −ẋ.
Substitute (18) and (19) into (25), we havė
Considering the error of PNNN weight hasW = W * −Ŵ and the equation (21), then, one can getẆ = −Ẇ = α( (x)e T ) T . Therefore, substitute (21) , (22) and (26) into (24), the derivative of the V can be concluded thaṫ
When the coefficient K u is selected big enough, the derivative of V can be obtainedV
where K f 0 and K f < K u . Based on the Lyapunov theory, the proposed controller can be stabilized control the closed loop paster backfill system. That demonstrate the effectiveness of the proposed paste backfill process model, the PNNN and the controller, where the proposed controller can precise control the proposed paste backfill model with the PNNN and the closed loop system is guaranteed stability by the Lyapunov theory. 
V. SIMULATIONS
To verify the proposed effectiveness of the method, the simulations are designed for the proposed paste backfill process model. Considering the system (9), select ρ = 1.8, R = 1, r = 0.2, K 1 = 0.2, K c = 1.717, K 2 = 0.04, g = 9.8, T = 1.2, and to simulate the real backfill process, the range of h 1 , h 2 , h 3 is limited to 0 < h 1 3, 0 < h 2 Fig.3 -Fig.5 , the errors are shown in Fig.6-Fig.8 . From the Figures, it is shown that the proposed method can effective control the paste backfill process. In Fig.3 , it illustrates that the PNNN can precise estimate the state x 1 under the proposed controller. But in Fig.4 and Fig.5 , the precisions of the estimation under the controller are declined. There are two reasons caused this situation. The first is in the simulations, since the influence of the sqrt function, some middle results are complex, we only selected real part to continue the simulation. The second one is the error diffusion, especially using one PNNN to estimate the states, it is also affected by the coupling states. The errors are shown in Fig.6-Fig.8 , the same phenomenon could be found from the error images.
In short, the proposed paste backfill process mode is verified and the effectiveness of the proposed PNNN and the controller are demonstrated by the simulations.
VI. CONCLUSION
A new paste backfill model was proposed from the process control point of view and the new PNNN is introduced to estimate the unknown nonlinear function for the robust control in this paper. Firstly, based on the Torricelli's law and Bernoulli principle, we established a novel paste backfill process model. Secondly, considering the paste backfill process, a new PN was presented to describe the backfill process. Then, the PN structure combined NN which constituted PNNN was developed to approximate the unknown paste backfill nonlinear model. Finally, a robust controller was designed based on the PNNN to precisely control the proposed backfill nonlinear system and the closed loop stability was guaranteed by the Lyapunov theory. The simulations demonstrated the validity of the proposed PNNN and the effectiveness of the robust control.
